The YgjD/Kae1 family (COG0533) has been on the top-10 list of universally conserved proteins of unknown function for over 5 years. It has been linked to DNA maintenance in bacteria and mitochondria and transcription regulation and telomere homeostasis in eukaryotes, but its actual function has never been found. Based on a comparative genomic and structural analysis, we predicted this family was involved in the biosynthesis of N 6 -threonylcarbamoyl adenosine, a universal modification found at position 37 of tRNAs decoding ANN codons. This was confirmed as a yeast mutant lacking Kae1 is devoid of t 6 A. t 6 A À strains were also used to reveal that t 6
Introduction
Deciphering both the cellular and molecular roles of universally conserved proteins of unknown functions presents a unique challenge. Of the top-10 universal protein families of unknown function awaiting characterization listed by Galperin and Koonin (2004) , only half have been assigned a cellular function to date (Galperin and Koonin, 2010) . We have previously shown that one of those 10, the Sua5/ YrdC family (YrdC), is involved in the biosynthesis of N 6 -threonylcarbamoyl adenosine (t 6 A) (El Yacoubi et al, 2009 ), a universal modification found at position 37 of tRNAs decoding ANN codons. However, the t 6 A biosynthetic pathway has yet to be fully characterized. Early studies suggested that ATP, threonine and carbonate are required (Elkins and Keller, 1974) ; however, YrdC does not appear to bind threonine (El Yacoubi et al, 2009) . Biochemical experiments including unsuccessful attempts to reconstitute the pathway in vitro strongly suggested that YrdC is not the sole enzyme required for t 6 A biosynthesis (El Yacoubi et al, 2009 ). The YgjD/Kae1/Qri7 protein family (COG0533) is another member of the top-10 list of universally conserved enzymes of unknown function (Galperin and Koonin, 2004) . Uncovering the function of this protein family has been used to illustrate the difficult path of 'converting data into knowledge and knowledge into understanding' (quote of Sydney Brenner in Galperin and Koonin (2010) ). Indeed, the first attempt to functionally characterize a member of this family occurred 20 years ago when the bacterial member of the COG0533 was first annotated as Gcp for O-sialoglycoprotein endopeptidase (Abdullah et al, 1990 (Abdullah et al, , 1991 , but this activity was never confirmed (Hecker et al, 2007) . Since then members of this family have been studied in yeast, archaea and bacteria resulting in sometimes conflicting data, several proposed functions and annotations but no definitive characterization (Downey et al, 2006; Gavin et al, 2006; Kisseleva-Romanova et al, 2006; Hecker et al, 2007; Handford et al, 2009; Oberto et al, 2009) . In bacteria, the ygjD gene appears essential (Arigoni et al, 1998) with conditional depletion leading to pleiotropic phenotypes including increased or reduced cell size (depending on the study), unusual distribution of DNA, nucleoid loss, and/or membrane/cell envelope defects (Handford et al, 2009; Oberto et al, 2009) . In Saccharomyces cerevisiae and Caenorhadbitis elegans, loss of mitochondrial DNA integrity and aberrant mitochondrial morphology were observed under conditions where the YgjD mitochondrial targeted homologue Qri7 was depleted (Oberto et al, 2009 ). The Escherichia coli YgjD was found to form a complex with YeaZ (Handford et al, 2009) , another essential protein. YeaZ and YgjD share 29% identity within their first 100 amino acids but unlike YgjD, YeaZ is only found in eubacteria (Hecker et al, 2007) . In yeast, the cytoplasmic YgjD homologue Kae1 is not essential but kae1 mutants display shortened telomeres and severe growth impairment phenotypes (Downey et al, 2006; KisselevaRomanova et al, 2006; Hecker et al, 2008) . Intriguingly, Kae1 belongs to the EKC/KEOPS complex involved in telomere maintenance (Downey et al, 2006) and transcription of galactose-and pheromone-responsive genes (KisselevaRomanova et al, 2006) . In the Archaea Pyrococcus abyssi, the COG0533 homologue (PAB1159) was suggested to be an atypical DNA-binding protein with apurinic-endonuclease activity in vitro (Hecker et al, 2007) . Interestingly, in several Archaea, the Kae1 homologue is fused to an atypical small RIO-type kinase (Lopreiato et al, 2004) homologous to the yeast protein Bud32p (PRPK for p53-related protein kinase in humans), neither of whose functions are known and for which there do not appear to be any bacterial counterpart. Despite these reports and findings, the actual function of the YgjD/Kae1/Qri7 family of proteins has yet to be described.
Using a combination of comparative genomic and experimental methods, we show here that the Kae1/YgjD/Qri7 family is (like the Sua5/YrdC family), directly involved in t 6 A biosynthesis. As previously predicted (El Yacoubi et al, 2009) , our data indicate that, in yeast, the absence of t 6 A modification has profound effects on translation accuracy, affecting both initiation codon selection and frame maintenance. Our findings raise the possibility that at least some of the reported phenotypes of Sua5 and Kae1 depleted cells, as well as their pleiotropic nature, are simply indirect effects of severe translation defects and lay the foundations for finally understanding the cellular function(s) of this gene family.
Results
Identification of the YgjD/Kae1 family as a candidate for a missing t 6 A biosynthesis gene t 6 A biosynthesis is predicted to require multiple enzymatic steps (Garcia and Goodenough-Lashua, 1998) . We have already identified one partner, the YrdC/Sua5 family (El Yacoubi et al, 2009 ), and we reasoned that the missing enzymes should follow the same universal phylogenetic distribution. The YgjD/Kae1 (COG0533) family met this universality criterion and emerged as a candidate for a family involved in the t 6 A biosynthetic pathway. Indeed, sequence similarity searches showed that YrdC-like and YgjD-like domains were fused in two protein families, HypF and NodU/CmcH (Figure 1 ). The order of these domains differs in the HypF and NodU/CmcH (represented here by NovN) protein chains (Figure 1 ), but these independent fusion events support a functional link between the YrdC and YgjD domains.
The hydrogenase maturation factor HypF is a multi-domain protein that consists of an N-terminal acylphosphatase domain, two repeats of a zinc finger-like motif, the YrdC-like domain and a C-terminal YgjD-like domain (Figure 1 ). HypF catalyses the transfer of carbamoyl group from carbamoylphosphate to the C-terminal cysteine residue of the hydrogenase accessory protein HypE (Paschos et al, 2002; Reissmann et al, 2003) . This activity is dependent on ATP, which is hydrolyzed to AMP and pyrophosphate. The NodU/ CmcH family members consist of a YgjD-like N-terminal domain and a YrdC-like C-terminal domain (Figure 1 ). These enzymes also catalyse the transfer of the carbamoyl group from carbamoylphosphate to hydroxyl groups of sugars and antibiotics (Brewer et al, 1980; Coque et al, 1995; Freel Meyers et al, 2004) . As is the case for HypF, this activity is dependent on ATP, and is inhibited by pyrophosphate, but not phosphate anions, suggesting that both carbamoyltransferases may share similar enzymatic mechanisms.
Only the structure of the HypF N-terminal domain has been determined so far (Rosano et al, 2002) . Meanwhile, the available structures of YrdC and YgjD homologs can guide sequence-structure analysis of the related domains of the HypF and NodU/CmcH families. The crystal structure of YrdC homologue Sua5 from Sulfolobus tokodaii (PDB id: 2eqa (Yoshihiro et al, 2008) ) contains an AMP molecule, fortuitously bound in the putative active site. This protein was reported to hydrolyze ATP to AMP (Yoshihiro et al, 2008) . The four conserved residues, Lys50, Arg52, Ser139, and Ans141 (using the E. coli YrdC numbering), designated the KRSN tetrad, cluster in the structure in the vicinity the a-phosphate group and are essential for YrdC function (El Yacoubi et al, 2009 ). The YrdC-like domains of HypF and NodU/CmcH families share the KRSN tetrad, suggesting that it has a similar function in all three families (Figure 1 ). The remaining part of putative active site is family specific; it is formed by residues that are conserved within each family, but not between families. In the Sua5 structure, the additional C-terminal domain is situated next to this part of the active site, expanding the YrdC-specific site.
The crystal structures of Kae1 proteins (YgjD homologs) from three different archaeal species have been determined, confirming that the YgjD/Kae1 family belongs to the superfamily of ATPases with an actin-like fold (Hecker et al, 2007 (Hecker et al, , 2008 Mao et al, 2008) . The P. abyssi Kae1 structure has been determined in complex with ATP and metal ion (Fe II) (Hecker et al, 2007) . It shares the ATP-binding site with several other ATPases of the same superfamily. However, the metal ion-binding site, located near the g-phosphate group, is unique to the YgjD/Kae1 family. The metal ionbinding residues (His111, His115, and Asp300, E. coli numbering), contribute to the two conserved motifs, which are shared by the YgjD-like domains of the HypF and NodU/ CmcH families (Figure 1) . The bound metal ion may have similar role in all three families, for example, it may position the acceptor group of a substrate molecule for g-phosphate group transfer. In the Kae1 structure, the ion sits at the bottom of a groove, which is formed by the residues conserved in the YgjD/Kae1 family, but not the other two families (HypF and NodU/CmcH families). The bacterial/ mitochondrial YgjD subfamily contains a conserved His D is the coordinating residue, others have structural role] residue (His 139, E. coli numbering), whereas in the archaeal/eukaryotic Kae1 subfamily, the equivalent position is occupied by a conserved Asn residue.
In combination with the universal codistribution of members of the YrdC and YgjD family, domain organization and structural examinations of the proteins above described led us to propose that the YgjD/Kae1 family is also involved in t 6 A biosynthesis. This hypothesis was tested experimentally and the results are reported here.
Kae1/Qri7 are involved in the formation of t 6 A in tRNA of yeast Two members of the COG0533 family are encoded in the S. cerevisiae genome: Kae1 (YKR038C) and Qri7 (YDL104C). Qri7 has been shown to localize to the mitochondria and Kae1 to the nucleus and cytoplasm (Huh et al, 2003; Hecker et al, 2007) . In order to address the respective involvement of these two homologs in the biosynthesis of t 6 A, the kae1DHKanMX4 strain was constructed (as described in Supplementary data) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of bulk tRNA extracted from WT and kae1D strains performed as described previously (El Yacoubi et al, 2009 ). This analysis revealed that the 25.5-min peak detected on the UV trace in the WT strain, corresponding to the protonated molecular weight of t 6 A (MH þ ¼ 413 m/z), is absent from the tRNA isolated from the strain carrying the kae1D allele ( Figure 2A ). The t 6 A peak was restored when this strain was transformed with a plasmid carrying the wild-type KAE1 gene (plasmid pYES-KAE1 Sc ) (Figure 2A ). To test if Qri7 can functionally replace Kae1, QRI7 lacking its mitochondrial targeting peptide was expressed in trans (pYES-QRI7 Sc ) in kae1DHKanMX4 (see Supplementary data for plasmid and strain construction) and bulk tRNA t 6 A levels analysed. As shown in Figure 2B , when expressed in trans from pYES2, QRI7 was able to restore t 6 A levels to wild type, establishing Qri7 as a functional homologue of Kae1 in t 6 A biosynthesis. We also tested the ability of QRI7 to complement the growth defect of the kae1D strain. As depicted in Figure 1C , the growth defects of kae1D was restored in strains expressing KAE1 or QRI7 in trans (pYES-QRI7 Sc , pYES-KAE1 Sc ). These functional complementations together with the localization of both Kae1 (cytoplasmic and nuclear (Huh et al, 2003) ) and Qri7 (mitochondrial (Huh et al, 2003; Hecker et al, 2007) ) indicate that Kae1 is A peak to the deletion of KAE1. WT (BY4741) (left panels), kae1D (middle panels), and kae1D carrying KAE1 in trans (right panels). (B) t 6 A profiles of kae1D expressing the homologue from E. coli YgjD (pYESygjD) (left panels) or the yeast mitochondria located QRI7 (pYESQRI7) (right panels). Positive and negative controls were run as presented in (A). (C) Growth phenotypes of yeast strains lacking a functional KAE1 and transformed with pYES, pYESKAE1 Sc , or pYESQRI7 Sc . The parent BY4741 was transformed with pYES and used as reference. Each growth curve presented here is an average of 10 independent growth curves. Error bars represent s.d. The growth conditions are described in Supplementary data. To test the universality of this gene family, the homologs from E. coli (ygjD Ec ) and Bacillus subtilis (hereafter ydiE ¼ ygjD Bs ) were expressed in trans (pYES-ygjD Ec and pYES-ygjD Bs , see Supplementary data for plasmid constructions) in kae1DHKanMX4. However, none of the tested bacterial ygjD genes complemented the t 6 A À phenotype of the kae1D yeast strain ( Figure 2B ; Supplementary Figure S1 ).
The absence of Sua5 or Kae1 leads to similar defects in frame maintenance
To evaluate the effects of the lack of t 6 A on translation in yeast, we used the previously characterized t 6 A À deletion mutant, sua5D, as well as the newly constructed kae1D mutant. We reasoned that hypomodified ANN decoding tRNAs would stimulate frameshifting at shift prone sites comprised of ANN codons. To address this, sequences known to promote either À1 or þ 1 frameshifting ( Figure 3A ) inserted between the b-galactosidase and firefly luciferase open reading frames were used to quantify frameshifting efficiency of t 6 A À and wild-type BY4741 strains as described in the Materials and methods section. The À1 frameshifting efficiency using the BLV recoding sequence (pGKU-BLV), containing tandem t 6 A-dependent codons, was significantly higher in both t 6 A deficient strains (60% in sua5D and 42% in kae1D compared with 8% observed in wild-type strain BY4741, see Figure 3B ). Frameshift efficiency was restored to wild-type levels in the sua5D pRS313SUA5 and kae1D pYESLEU2-KAE1 backgrounds ( Figure 3B ), confirming that the observed differences were due to the absence of KAE1 or SUA5 in each respective deletion strain. For the recoding sequence Prrsv (pGKUPrrsv), which contains a single t 6 A-dependent codon, no differences were observed between WT and t 6 A deficient strains, (4% frameshift efficiency in BY4741, 7% in sua5D, and 5% in kae1D; Figure 3B ). The þ 1 frameshifting levels of frameshift promoting sequence EST3 in the wild-type strain BY4741 and in both mutants were also measured ( Figure 3B ). The þ 1 frameshifting efficiency was higher for the t 6 A À strains (13% in sua5D and 22% in kae1D) when compared with wild type (6%) for the EST3 target ( Figure 3B ). These effects were complemented when the WT genes were expressed in trans. In all, these results suggest that the absence of t 6 A 37 leads to higher frameshift levels, particularly at sequences containing tandem ANN codons.
To begin addressing the question of how the lack of t 6 A may affect the yeast proteome in sua5D and kae1D mutant strains, we estimated the frequency and the distribution of ANN codons (number and length of stretches of ANN Frameshifting frequencies for target sequence BLV, Prrvs, and EST3. Measurements are average of five independent measurements using a dual reporter construct with the target sequence inserted between the lacZ and firefly luciferase ORFs and a control constructs containing the corresponding in-frame sequence inserted in between. Efficiency of frameshifting, expressed as percentage, was calculated by dividing the firefly luciferase/bgalactosidase ratio obtained for each test construct by the same ratio obtained for the corresponding in-frame control construct. Errors bars represent s.d. stretches) in yeast coding sequences, using an in-house program (the code is available at http://bioinformatics. cise.ufl.edu/codon.html). Our hypothesis was that frameshift defects, and low translation efficiency of translation due to lack of t 6 A have a greater impact on proteins whose coding sequences are heavily depending on ANN decoding tRNAs. We ranked all yeast proteins according to the number of ANN codons in their cDNAs. In general, the coding sequences that contained the highest number of ANN codons were also those with the highest number of tandem ANN codons (Supplementary Table S1 ). Highly represented proteins include those involved in RNA processing, cystoskeletal/intracellular trafficking, ribosomal biogenesis and telomere homeostasis. Additionally, the retrotransposon genes TYA Gag and TYB Pol (similar to retroviral genes) were also identified. These genes are transcribed/translated as one unit and the polyprotein is processed to make a nucleocapsid-like protein (Gag), reverse transcriptase (RT), protease (PR), and integrase (Kim et al, 1998) .
The absence of Sua5 or Kae1 leads to high levels of misinitiation at GUG codons
The cytoplasmic initiator tRNA (met-tRNA i ) of all eukaryotes examined to date contains the t 6 A modification, whereas it is absent in the formylmethionine-tRNA i (fmet-tRNA i ) of prokaryotes, Archaea, and organelles. It has been proposed that one of the roles of t 6 A 37 is to prevent mispairing between the first base of the codon and the third base of the anticodon (Dube et al, 1968) . This was suggested based on the observation that E. coli fmet-tRNA i recognizes not only the AUG, GUG, and UUG as initiator codons, whereas yeast met-tRNA i that contains the t 6 A 37 modification recognizes only AUG (Baralle and Brownlee, 1978; Schneider et al, 1986) . To test if the presence of t 6 A is involved in restricting initiator codon choice in vivo, the efficiency of translation initiation at GUG using a dual luciferase reporter system (see Supplementary data for plasmid construction) was measured in the sua5D and kae1D t 6 A À yeast strains. We first measured the ratio of firefly luciferase activity to renilla luciferase activity, in which translation of both genes was initiated at AUG codons (see Figure 4 ). Similar activity ratios were obtained in the WT, sua5D, and kae1D strains (91 and 101%, respectively). Changing the firefly luciferase initiation codon from AUG to GUG led to a 50-fold decrease in the luciferase activity ratio in the WT strain (Figure 4 ). In the mutant strains lacking SUA5 or KAE1, the ratio increased only two-to three-fold ( Figure 4 ). Thus, in the absence of t 6 A, initiation at GUG codons is substantially increased. These data indicate that one of the roles of t 6 A 37 is indeed to prevent mispairing between the first base of the codon and the third base of the anticodon as previously proposed (Dube et al, 1968) .
Complementation of the E. coli ygjD essentiality phenotype with bacterial orthologs requires coexpression of heterologous ygjD/yeaZ pairs Because the ygjD orthologue is essential in E. coli, a strain was constructed in which the expression of the chromosomal ygjD gene was placed under the P TET promoter (see Materials and methods section for strain construction). This strain required the presence of anhydrotetracycline (aTc) for growth ( Figure 5 ). Transformation of this strain with pygjD Ec , a Figure 4 Lack of t 6 A in yeast affects initiation codon selection in vivo. The initiation efficiency is defined as the ratio of the firefly luciferase activity initiated on AUG or GUG codon to the one of the renilla luciferase activity initiated on AUG codon. The relative activities presented correspond to the ratios for the t 6 A À strains (deletion mutants sua5D and kae1D) normalized by the ratio obtained for wild-type strain BY4741 with the firefly luciferase and the renilla luciferase both initiated on AUG. All the measurements were the average of five independent extractions. Errors bars represent standard deviations. Figure 5 ). pBAD24 derivatives carrying ygjD homologs from yeast (QRI7 lacking its secretion signal and KAE1), B. subtilis, or Methanococcus maripaludis (kae1-prpk, encoding the fused Kae1-PRPK protein) were similarly transformed into the P TET HygjD strain but none complemented the essentiality phenotype and all behaved similar to the negative control transformed with the empty vector pBAD24 ( Figure 5 ; Supplementary Figure S2) .
Previously, E. coli ygjD was found to interact with yeaZ (Handford et al, 2009) , and in B20% of bacterial genomes available in the SEED database (closely related genomes were omitted from the analysis), yeaZ is physically clustered with ygjD (see Figure 6A for representative genomes). YeaZ adopts the same actin-like fold (Nichols et al, 2006; Xu et al, 2010) as YgjD, but lacks both its ATP-binding and metal ion-binding sites. The region of strong sequence and structural similarity between the two proteins is limited to their N-terminal domains (Figures 1 and 6) . Interestingly, in all YeaZ crystal structures, there are similar dimeric contacts via the N-terminal domains (in the structure of Thermotoga maritima YeaZ (PDB id: 2a6a), only one of the two molecules in the asymmetric unit makes such a contact). At the two-fold axis, the two symmetry-related helices are closely packed through the interface of small residues (Gly96, Gly100, and Gly104 in E. coli YeaZ). The small sizes of residues occupying the equivalent sites are conserved in the YgjD subfamily (Thr93, Ser97, and Ala101, E. coli numbering) but not in the Kae1 subfamily. This suggests the likelihood of heterodimerization of the bacterial YgjD and YeaZ through the same interface ( Figure 6 ). This interface also includes the C-terminal tail of YgjD (Figure 6 ), suggesting that YeaZ binding may affect the relative orientation of the YgjD domains. In other words, based upon the bioinformatic and structural analyses described above, we postulated that the essential function of YgjD in E. coli requires YeaZ. Thus, our previous attempts to complement the YgjD essentiality in E. coli using homologs failed due to the absence of the corresponding YeaZ partner.
To test this hypothesis, B. subtilis ygjD and yeaZ homologs were cloned in an operonic structure in pBAD24 (see Supplementary data for details) for coexpression. The resulting plasmid, pygjD Bs yeaZ Bs was transformed in the E. coli P TET HygjD strain and was now able to complement the YgjD essentiality phenotype as described below. The resulting strain grew in the presence of aTc or arabinose but not in the presence of added glucose ( Figure 6 ). In addition, growth in the presence of arabinose was slightly delayed compared with control strain (i.e. P TET HygjD transformed with pygjD Ec ) ( Figure 6 ). When restreaked on media containing aTc, arabinose, or glucose, the P TET HygjD/pygjD Bs yeaZ Bs clones displayed growth patterns consistent with those of the original transformants that is growth in the presence of aTc or arabinose but no growth in the presence of glucose (see Supplementary Figure S3 ). The complementation was strictly dependent on the expression of both genes as transformation with derivatives carrying yeaZ Bs alone or ygjD Bs with yeaZ Bs in the opposite orientation (pygjD Bs oppyeaZ Bs ) did not lead to growth even in the presence of the inducer arabinose ( Figure 6 ). These results show that the essential function of ygjD in bacteria is dependent on yeaZ. Figure 6 The B. subtilis ygjD homologue functionally replaces the E. coli homologue only when coexpressed with the yeaZ gene from B. subtilis. (A) The physical clustering deduced from analysing the genetic context of both ygjD and yeaZ suggest that these two genes function in the same pathway. (B) Model of YgjD-YeaZ heterodimer. The N-terminal domain of the YgjD homologue Kae1 (orange, PDB 2IVP) is superimposed on the related domain of one subunit of the YeaZ homodimer (silver; PDB 1OKJ), resulting in the conserved interface with the other YeaZ subunit (blue). (C) Genetic complementation of the essentiality of E. coli ygjD by coexpression of the B. subtilis ygjD and YeaZ in an operonic structure. The P TET :ygjD strain was transformed with plasmid pBADygjD Bs carrying the yeaZ Bs in an operonic structure (pBADygjD Bs yeaZ Bs ) or in the reverse orientation (pBADygjD Bs oppyeaZ Bs ) and tested for growth under inducing conditions (aTc and ara) or repressing condition (glu). pBADygjD Ec , pBADygjD Ec yeaZ Ec , and pBAD24 were used as positive and negative controls, respectively. The question of compartmentalization of enzymes of the t 6 A biosynthesis pathway remains open. The LC-MS/MS analysis method used did not allow us to detect mitochondrial modifications (see Supplementary data). This could explain why no t 6 A was detected in kae1DHKanMX4 even in the presence of the wild-type QRI7 allele.
In order to evaluate the role of Qri7 in mitochondrial t 6 A biosynthesis, we did attempt to purify mitochondrial tRNA from the qri7D strain as described previously (Umeda et al, 2005) . We were unable to purify sufficient quantities of tRNA for analysis, which could be expected given the mitochondrial defects of this strain (Oberto et al, 2009) . Interestingly, there is only one Sua5 homologue in yeast (the other enzyme required for t 6 A formation), and therefore we expect this protein to display dual localization as has been observed with other essential translation enzymes (Natsoulis et al, 1986; Chatton et al, 1988; Souciet et al, 1999; Lee et al, 2007) .
Archaeal, bacterial, and eukaryotic Sua5/YrdC homologs are functionally interchangeable (El Yacoubi et al, 2009). We did not observe within the YgjD/Kae1 family the universal complementation capacity we had previously observed for the Sua5/YrdC family. First, in yeast, despite the fact that the t 6 A À phenotype of yeast kae1D is complemented by expressing in trans the yeast Qri7 homologue (member of the bacterial YgjD subfamily) lacking its mitochondrial targeting signal (Hecker et al, 2007) , similar complementation attempts failed when using bacterial homologs from E. coli or B. subtilis. Second, in E. coli no complementation of the essentiality phenotype of the ygjD deletion was observed with the QRI7/KAE1/ygjD Ec /ygjD Bs /kae1-prpk Mm genes. In our hands, QRI7 did not complement the essentiality phenotype of ygjD in E. coli even though this complementation was previously reported (Oberto et al, 2009 ). This discrepancy may be due to differences in design between the two reports. In this study, QRI7 was expressed in trans under P BAD regulation while the chromosomal ygjD was under the tight P TET regulation. Complementation was tested in the absence of aTc and in the presence or absence of the inducer arabinose. In the previous study (Oberto et al, 2009) , both QRI7 and ygjD Ec were expressed in trans using two compatible plasmids while the chromosomal ygjD was deleted. QRI7 was constitutively expressed and ygjD Ec was under the control of the P BAD promoter. Complementation by QRI7 was observed in the absence of arabinose; however, it is possible that low levels of ygjD expression even under uninduced conditions allowed for QRI7 complementation and therefore growth in the absence of inducer. The lack of complementation by QRI7 is in agreement with our results showing that the essentiality of ygjD depletion was only complemented with coexpression of the B. subtilis YeaZ/ YgjD pair. This is also confirming the biological relevance of the recent data showing that only the YeaZ-YgjD pairs from closely related organisms could form complexes in vitro (Rajagopala et al, 2010) and thus explaining the absence of in vivo cross-species complementation for the Kae1/Qri7/YjD protein family.
Our results combined with the study by Rajagopala et al (2010) strongly suggest that YeaZ and YgjD are subunits of a bacterial heterooligomeric enzyme that have coevolved together. There are several known heterooligomeric enzymes composed of homologous subunits, including the bacterial luciferase LuxAB (Fisher et al, 1996) and the sulphur transfer mediator TusBCD in the s 2 U modification (Numata et al, 2006) . Their structures display pseudo-symmetrical arrangements, with the subunit interfaces being the most conserved parts, suggesting that these heterooligomers probably have evolved from homooligomers by gene duplication. In general, only one of the subunits retains the catalytic site, whereas the others provide new surfaces for additional interactions. Some of the isolated individual subunits may form similar homooligomers with the same symmetry; others may not form active oligomeric species without partners (Thoden et al, 1997) . The relationship between bacterial YeaZ and YgjD fits well into the same scenario. Our model of the YgjD/ YeaZ complex suggests that it forms a stable heterodimer similar to the common homodimer observed in the YeaZ structures. A coevolution of YeaZ and YgjD could explain why both corresponding genes from the same or closely related bacterial species are required to observe functional complementation. Despite the overall similarity, there are subtle differences in the dimerization interfaces of Ec and Tm YeaZ, so there could be small but significant differences between the YeaZ-YgjD interfaces from different organisms.
The biosynthesis of t 6 A requires ATP, bicarbonate, and free threonine with hydrolysis of at least two ATP molecules needed for the formation of two carbon-nitrogen bonds (Chheda et al, 1972; Powers and Peterkofsky, 1972; Elkins and Keller, 1974; Korner and Söll, 1974) . As both YrdC and YgjD appear to bind adenosine nucleotides, each could synthesize one such bond. Based on our structural analysis, we predict the following: YgjD is likely to be a ligase for bicarbonate and threonine ( Figure 7C ). In the first step, YgjD catalyses transfer of a g-phosphate group from ATP to bicarbonate, yielding carboxyphosphate and ADP. Carboxyphosphate would react with the threonine amine, producing N-carbamoylthreonine and phosphate. Both substrate molecules can be readily accommodated in the YgjD/ Kae1 active site: bicarbonate is next to the g-phosphate group and bound metal ion, and threonine is on the top of bicarbonate in the conserved part of the groove ( Figure 7A ). YrdC would then catalyse the activation of N-carbamoylthreonine via the formation of an acyladenylate with the release of pyrophosphate, followed by the transfer of carbamoylthreonine to the N 6 group of A37 ( Figure 7C ). The conserved KRSN tetrad in YrdC is predicted to stabilize the leaving pyrophosphate group in the first step, whereas N-carbamoylthreonine can be readily accommodated in a YrdC-specific part of the putative active site ( Figure 7B ). In the Sua5 homologue of YrdC, the Sua5 C-terminal domain probably assists in the correct positioning of the tRNA adenine base (A37), which is to be modified. These biochemical hypotheses require experimental validation; however, the complementation results presented here combined with our inability to reconstitute t 6 A formation in vitro using purified E. coli YrdC and YgjD proteins (see Supplementary data) suggest that at least one A contributes to accurate codon-anticodon recognition mainly by preventing the formation of U33-A37 across-the-loop base pairing interaction, and allowing cross-strand stacking of A 38 and t 6 A 37 with the first position of the codon (Weissenbach and Grosjean, 1981; Stuart et al, 2000; Yarian et al, 2000; Murphy et al, 2004; Lescrinier et al, 2006) . We had hypothesized (El Yacoubi et al, 2009 ) that the lack of t 6 A should severely affect translation as it is found in seven E. coli and 12 S. cerevisiae tRNAs (four of which are mitochondrial) (Jühling et al, 2009) . Such an effect would be pleiotropic, since anticodon-surrounding modifications are context dependent (Weissenbach and Grosjean, 1981; Stuart et al, 2000; Yarian et al, 2000; Murphy et al, 2004; Lescrinier et al, 2006) . In S. cerevisiae, loss of SUA5 increased the level of leaky scanning through start codons (Lin et al, 2009) . Our result shows that in both S. cerevisiae sua5D and kae1D strains, a robust increase in the frequency of -1 frameshifts at tandem AAA codons occurred. The þ 1 frameshift was less robust, in agreement with observations also made by others (Lin et al, 2009) . Our data also show an increase in misinitiation at GUG codons in both kae1D and sua5D t 6 A À yeast strains. Because both mutants have similar translation defects, it is likely that these are due to the absence of t 6 A and not to other potential roles of the Sua5 and Kae1 proteins that have been implicated in rRNA maturation (Kaczanowska and Ryden-Aulin, 2004; Kaczanowska and Rydén-Aulin, 2005) dominant negative effects leading to the observed pleiotropic phenotypes. One interesting candidate is EST3. This protein is required for telomere maintenance in vivo and its translation is dependent upon a þ 1 programmed frameshift (Morris and Lundblad, 1997) . Both sua5D and kae1D cells display progressively shortened telomeres during early passages (Downey et al, 2006; Meng et al, 2009) . However, we have tested the frameshift promoting ability of the EST3 sequence and showed that in the absence of t 6 A, frameshifting is actually increased (Figure 3) . Therefore, our data indicate that the absence of t 6 A should not lead to a loss of EST3 translation and therefore cannot account for the observed phenotypes of the t 6 A À mutants.
Our analysis of the distribution of ANN codons in S. cerevisiae did however identify several coding sequences with high numbers of ANN codons. The efficiency/accuracy of translation of these proteins could be affected in t 6 A À strains. ANN-rich candidates included YBL004W (Bernstein et al, 2004) , YKL014C (Dez et al, 2004; Rosado and De La Cruz, 2004) , YJL109C (Dragon et al, 2002) , YMR229C (Venema and Tollervey, 1995) , which are all involved in the biogenesis of ribosomes, mostly through their role in processing of rRNA (see Supplementary Table S1 ). YHR165C and YER172C are two other high ANN-containing genes and both belong to the U4/U6 spliceosome. This suggests that ribosome biogenesis and RNA processing might be affected because of mistranslation of key proteins involved in these processes, which in turn affects the generalized protein biosynthesis and/or integrity. However, the association of Kae1 and Sua5 with other complexes in yeast also suggests that these proteins might together and/or individually contribute to essential cellular functions other than tRNA modification. Both sua5D and kae1D cells have a shortened-telomere phenotype and KAE1 and SUA5 have been directly associated with telomere homeostasis (Downey et al, 2006; Meng et al, 2009) . Telomeres are essential nucleoprotein complexes found at the end of linear chromosomes that fulfil two critical functions. They recruit and activate telomerase, a RT that polymerizes short TG-rich repeats at the 3 0 end of chromosomes and protect chromosome ends (telomere capping) (Blackburn, 2001) . t 6 A deficient mutants and telomerase deficient mutants have similar growth defects (Steinmetz et al, 2002; Deutschbauer et al, 2005; Matsui and Matsuura, 2010) . As deletions of either SUA5 or KAE1 lead to very similar telomere defects, we propose two possible scenarios for a role of t 6 A in telomere maintenance: (1) the translation of a specific protein required for telomerase function may be affected by the absence of the modification on tRNAs (high level of ANN codons in its sequence in addition to general translation defects associated with lack of translation t 6 A) and/or (2) a component of the telomerase RNA or protein is directly modified with a t 6 A derivative. The latter scenario therefore postulates that Kae1 and Sua5 have other RNAs and/or proteins as substrates in addition to tRNAs. Precedent for a tRNA modification enzyme that can modify other RNA or DNA substrates has already been established (Wrzesinski et al, 1995; Nonekowski et al, 2002) . Regarding the former possibility, a number of genes implicated in telomere maintenance including TEL1 (Ritchie and Petes, 2000) , RIF1 (Hardy et al, 1992) , MLP1 and MLP2 (Hediger et al, 2002) , MEC1 (Takata et al, 2004) , and YRF1 (present in several copies in the genome) (Yamada et al, 1998) are all among the top-100 genes with the highest levels of ANN tandem codons. This supports the idea that mistranslation of one or several of these genes is at the origin of the telomere maintenance phenotype observed for t 6 A À strains.
For prokaryotes, it is still not possible to conclude definitively that the essentiality of the ygjD gene in bacteria is due to a role of YgjD in t 6 A synthesis. Further work examining translation efficiency, ribosome biogenesis, and possibly maintenance of DNA integrity is warranted.
The Kae1/Qri7/YgjD is universal and can be used as a marker for life The consequences of the absence of t 6 A on translation is quite profound, explaining why t 6 A 37 , like m 1 G37 or C55, is one of the tRNA modifications that has not been lost through evolution, even in organisms with small genomes such as Mycoplasma (de Crécy-Lagard et al, 2007) . Of note is the lack of yrdC and ygjD homologs in symbionts such as Carsonella rudii and Sulcia muelleris. While it is possible that these organisms lack the t 6 A modification in their tRNA, given the fact that genes encoding other essential components of bacterial translation such as tRNA synthetases and ribosomal proteins are also absent from the genomes of these organisms (Nakabachi et al, 2006; McCutcheon and Moran, 2007; Tamames et al, 2007; McCutcheon et al, 2009; Woyke et al, 2010) , and that homologs of YrdC and YgjD are found in all other sequenced organisms, we favour the hypothesis that YrdC and YgjD, like the other components of translation, are dependent on protein import from the host, supporting the status of these organisms as organelles in the making (Koonin and Wolf, 2008) . We therefore conclude that YgjD/Kae1 and YrdC/Sua5 families are truly universal.
Materials and methods

Bioinformatics
The Blast tools and resources at NCBI were used (Altschul et al, 1997) . Multiple protein alignments were performed with the ClustalW tool (Chenna et al, 2003) in the SEED database or the MultiAlign software (http://omics.pnl.gov/). The 3D models were generated using the protein-fold recognition protocols of Phyre (Kelley and Sternberg, 2009 ) based on one-and three-dimensional sequence profiles, coupled with secondary structure and solvation potential information (using the Phyre server available on the World Wide Web at http://www.sbg.bio.ic.ac.uk/~phyre/)). Structure-based alignment of a subset was performed using the ESPript platform (Gouet et al, 1999) through the webinterface (http://espript.ibcp.fr/ESPript/ESPript/).
Strains, plasmids media, and growth conditions
The strains mentioned in this work are listed in Supplementary  Table S2, the plasmids are listed in Supplementary Table S3 , and the primers are listed in Supplementary Table S4 . Growth conditions for E. coli and yeast derivatives are described in Supplementary data. tRNA extraction and analysis Bulk tRNA was prepared, hydrolyzed, and analysed by LC-MS/MS as described previously (El Yacoubi et al, 2009) . To compare tRNA concentrations, we compared the ratio of the levels of the modified base (245 m/z) in each sample by integrating the peak area from the extracted ion chromatograms. The MS/MS fragmentation data were also used to confirm the presence of t 6 A. All tRNA extractions and analysis were performed at least twice independently.
Initiation and frameshitfting efficiency
Plasmid pRaugFFgtg (Kolitz et al, 2009 ) expresses Renilla and firefly luciferase as separate messages, with LUC renilla under the control of the ADH1 promoter and HIS terminator, LUC firefly under the GPD promoter and CYC1 terminator, and the start codon of the LUC firefly ORF altered to GTG. The reporter plasmid for frameshifting measurement pGK007 was derived from the pAC vector (Bidou et al, 2000; Baudin-Baillieu et al, 2009 ). The promoter SV40 in the pAC vector was replaced by the yeast PGK promoter to reach a higher expression level and the selection marker LEU2 was replaced by URA3. The target sequences were inserted at the MscI restriction site located at the junction between b-galactosidase and firefly luciferase coding sequences.
The b-galactosidase and firefly luciferase activities were quantified in the same crude extract as described previously (Stahl et al, 1995) for standard growth conditions. All the quantifications were the mean of five independent measurements. The efficiency is defined as the ratio of firefly luciferase activity to b-galactosidase activity. To establish the relative activities of b-galactosidase and firefly luciferase, the ratio of firefly luciferase activity to bgalactosidase activity from an in-frame control plasmid was taken as a reference for each strain tested. Efficiency of frameshifting, expressed as percentage, was calculated by dividing the firefly luciferase/b-galactosidase ratio obtained from each test construct by the same ratio obtained with an in-frame control construct for each strain (Bidou et al, 2000) .
For quantification of initiation efficiency at AUG or GUG codons, the renilla luciferase and firefly luciferase activities were measured in the same crude extract as already described (Bidou et al, 2004) for standard growth conditions using the Dual luciferase kit from Promega. All the measurements were the mean of five independent extractions. The initiation efficiency was defined as the ratio of firefly luciferase activity initiated at AUG or GUG codons to renilla luciferase activity initiated at an AUG codon (Cheung et al, 2007; Kolitz et al, 2009) . To establish the relative activities, this ratio was normalized by the same ratio obtained in the wild-type strain BY4741 with the firefly luciferase and the renilla luciferase both initiated at an AUG codon.
Construction of P TET HygjD Ec and complementation assays
In order to place chromosomal target gene ygjD Ec under the control of the RExTETrbs (rbs for ribosomal-binding site) cassette, we inserted the cassette just upstream of the start codon of ygjD in BW25113 by homologous recombination. To do so, forward and reverse primers were designed to carry 50 bp homology 5 0 and 3 0 of the native start codon, respectively, followed by 15 bp homology to the RExTET cassette. DNA from strain MG1655kmRExTETrbs-lacZ (Da Re et al, 2007) was used as template to amplify the RexTETrbs component of the construct. The PCR product was then electroporated in E. coli competent cells as previously described (Baba and Mori, 2008) . Cells were plated on Kan and aTc. Positive clones were then tested for dependence on aTc for growth as well as by PCR and sequencing to verify the accurate insertion of the cassette.
For ygjD complementation assays, cells were electroporated with 100 ng of plasmid, then recovered with 1 ml of LB and placed at 371C for 1 h with shaking. After that, 100 ml of cells were plated on each of three different media: LB Km Amp supplemented with aTc (50 ng/ml), glu 0.2%, or ara 0.2%. Km Amp resistant colonies from each condition were reisolated and checked for growth phenotype on appropriate inducer/repressor media. A gene was considered a functional homologue when transformants grew on media supplemented with aTc (for induction of expression of chromosomal ygjD Ec ) and ara (for induction of expression of the gene tested for complementation in trans) but with glu (for repression of transgene expression and no induction of chromosomal ygjD Ec ) both after initial transformation and replating.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
